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Only recently has technology become available that allows us to address some of these 121 behavioural questions. Telemetry enables the real-time movement of fish to be studied, 122 allowing the environmental factors which enable migration or cause delay to be measured, 123 whilst at the same time assessing mortality and migration success. The study presented here, 124
used acoustic telemetry and a comparative approach to compare seaward migration of 125
Atlantic salmon smolts in adjacent tributaries: one with no man-made obstacles; the second 126 with seven, low head, man-made obstacles in series. 127
It was hypothesised that the cumulative effect of low-head, but passable, barriers would 128 be to reduce travel speed, increase mortality rate and lower escapement success of seaward 129 migrating Atlantic salmon smolts, by comparison to those in a neighbouring river without 130 such obstacles. 131
132

Methods
133
Study Area 134
The study was carried out in the River Foyle system (55°00'N; 07°20'W). The river has a 135 catchment area of 4450 km 2 and forms part of the border between the Republic of Ireland and 136
Northern Ireland (UK) (Fig. 1) . The whole Foyle system is designated an EU Special Area of 137 Conservation (SAC) for Atlantic salmon. There are two main tributaries within the catchment; 138 the River Finn, which is free from anthropogenic river obstacles apart from a single fish 139 counting weir (between F4 and F5), the form of which has been shown to have no impact on 140 upstream fish movement (Smith, Johnstone, & Smith, 1997) . In contrast, the second major 141 tributary, the River Mourne, has seven man-made low-head overspill weirs along its length 142 ( headwater of the impacted river where river barriers and release sites are in close proximity. 149
River flow is in a northerly direction, the River Foyle is tidal downstream from the confluence 150 of Rivers Finn and Mourne (L1). 151 8 and Mourne will be referred to as 'un-impacted' and 'impacted' rivers, respectively. The 152 confluence of these two rivers form the upper reach of the tidal River Foyle and represents a 153 transitional/estuarine habitat with surface salinity levels (Practical Salinity Units [PSU] ) at its 154 most upstream point (L1, Fig.1 ) averaging 0.14psu, increasing to 26.6psu at Culmore Point, 155
where the river enters a large sea lough, Lough Foyle (Fig. 1) . The section from the 156 confluence of the un-impacted and impacted tributaries to the entry of the sea lough, will be 157 referred to as 'estuarine.' Lough Foyle salinity levels average 26psu at its most inland 158 location (Culmore Point -where it is strongly influenced by freshwater run-off) to 35psu at its 159 most northerly point where salinity rarely falls below 32psu (salinity data provided by 160
Department of Environment Marine Environment Division, Northern Ireland). The Lough 161
Foyle section will be referred to as a 'sea lough' and classified as the early marine phase 162 migration for emigrating salmon smolts. 163
Smolt capture and tagging 164
This study was conducted across two years. In 2013 fish were tagged in both the impacted 165 and un-impacted rivers. Unexpectedly (cf literature, see above), in 2013, freshwater survival 166 was high in the impacted river and there was no significant difference in travel speeds in 167 freshwater between the impacted and un-impacted rivers. Therefore, in 2014, to determine if 168 the same pattern held, the study was repeated in the impacted river. Due to resource 169 limitations, tagged fish were released only in the impacted river. 170
In 2013, salmon smolts were captured by electro-fishing in the upper reaches of both 171 rivers between the 14 th and 15 th April. Due to technical problems, salmon smolts were 172 captured by rod and line in April 2014. Smolts were placed into a holding tank filled with 173 aerated river water. Fish large enough for tagging (>15g) and which were also clearly 174 smolting, were anaesthetised with clove oil (0.5mg per litre); mass (g) and fork length (FL,9 mm) were recorded prior to being placed on a v-shaped surgical pillow saturated with river 176
water. An incision (11-13mm) was made along the ventral abdominal wall anterior to the 177 pelvic girdle. A coded acoustic transmitter (either, Model LP-7.3, 7.3mm diameter, 18mm 178 length, 1.9g weight in air, Thelma Biotel AS, Trondheim, Norway [2013] , or Model V7-2x, 7 179 mm diameter, 18 mm length, 1.4 g weight in air, Vemco Ltd, Nova Scotia, Canada [2014] ) 180 was inserted into the peritoneal cavity. The incision was closed with two independent sterile 181 sutures (6-0 ETHILON, Ethicon Ltd, Livingston, UK). Fish were aspirated with 100% river 182 water throughout the procedure. Tags were programmed to have an acoustic transmission 183 repeat cycle of 30s ± 50%, giving a tag life span in excess of 90 days. 184
On completion of tagging, fish were placed into a recovery bucket filled with aerated 185 river water and allowed to recover before being placed into a keep box which was positioned 186 in-river overnight. No mortality occurred at any stage throughout the tagging period. Fish 187 were released the day after tagging close to their capture site within their respective tagging 188 groups (Fig. 1) . 189
Acoustic Tracking 190
Movement of tagged smolts was determined using fixed position automatic listening stations 191 (ALS) (Vemco: VR2W). All ALS were deployed prior to tagging and release of fish, ALS 192 were recovered in July of each year, after the migration period and the expected tag life had 193 been reached. Six ALS were positioned in the impacted river (M1 -M7), each located 194 slightly upstream from a river obstacle (Fig. 1 ). All such structures were over-spill sloping 195 weirs, apart from M1 which comprised a degraded historic weir and a series of rapids and M6, 196 a vertical weir. Barriers ranged from 0.75-4.3m head height (Table 1) . 197
Five ALS were assigned to the un-impacted river (F1 -F5), located at deep holding 198 pools or glides where river flow was generally slow and similar to the conditions created 199 artificially above man made obstacles (i.e. deep, slow moving impounded water located 200 immediately upstream of riverine barriers) (Fig. 1 ). An additional four ALS were positioned 201 downstream of the confluence of the study rivers (L1 -L4) at the tidal limit of the River 202
Foyle. To ensure adequate spatial coverage and detection of emigrating smolts from both 203 rivers, data from these were combined to create a single detection zone henceforth named L4. 204
A further three ALS were located downstream within the estuarine part of the River Foyle (L5 205 -L7). Entrance to the sea lough was defined as detection at L6 or L7. Two final receivers 206 covered the exit from the Sea Lough into the Atlantic Ocean with successful early marine 207 migration being defined as detection at either L8 or L9. 208
Range tests were undertaken throughout the array to ensure complete receiver 209 coverage at each location, providing a detection gate through which tagged individuals had to 210 pass. More specifically at ALS L8 and L9 ( 
Environmental data 249
River flow data for the rivers were provided in the form of discharge data for the impacted 250 river (provided by the Department of Agriculture and Rural Development, Northern Ireland), 251 and stage (used as a proxy for discharge, provided by the Office of Public Works, Ireland) for 252 the un-impacted river. Mean daily discharge from the impacted river was used to assess flow 253 conditions for the study period in both 2013 and 2014. Data from the previous ten years were 254 also analysed to identify long term trends in river flow for the impacted river (Fig. 3) . 255
256
Statistical Analysis 257
All analysis was performed using R statistical software programming. Welch-t-tests were 258 used to test for differences in fork length between populations. Normality of data was 259 confirmed using a Shapiro Wilks test. Where normality was not confirmed or assumptions of 260 t-tests not met, Wilcoxon Mann-Whitney rank sum tests were performed. Wilcoxon Mann-261
Whitney rank sum tests were also performed on differences in delay times between rivers and 262 speed of travel due to some observations highly skewing the mean observation. Fisher's exact 263 tests were used to determine if the observed frequencies of mortalities was different from 264 expected frequencies between years, rivers and phases of migration. Analysis of variance 265 (ANOVA) was used to determine differences in delay by fish between each of the barriers, 266 data were log transformed to meet assumptions of normality, confirmed by Shapiro Wilks 267 test. A Levene's test was used to determine the differences in variances of freshwater 268 migration speed between impacted and un-impacted rivers. 269 has been shown recently that survival rates for Pacific salmon (Oncorhynchus species) smolts 388 is higher in rivers which lack large hydro-electric dams (Welch et al., 2008) . There are a 389 number of environmental conditions that have the potential to impact upon, migrating salmon 390 and it is highly likely that these differ between catchments. Similarly it is highly likely that 391 barrier effects on smolts might reasonably be expected to be site and catchment specific. 392
The freshwater survival rate of Atlantic salmon smolts for the impacted river in this 393 study is broadly in line with that reported in UK rivers with no anthropogenic barrier effects. 394
For example a study in the River Conway, UK, reported survival of 99. This points to the finding presented here and the conclusions drawn from this as being robust. 460
22
Site specific delays can differ significantly between years even when delay throughout the 461 whole system does not. Surprisingly, delay was not different between individual barriers 462 within years despite significant physical differences in barrier construction (Table 1) A common limitation in telemetry studies, and applicable here, is that of low sample size, 471 the primary driver of which is transmitter cost. Individuals within a species may differ greatly 472 in their behaviour and behavioural response to environmental variables (Dall et al., 2012) . 473
Thus it is sometimes difficult to determine whether results from small sample sizes accurately 474 reflect the wider population they represent. Low sample sizes must be contrasted with the 475 benefit of data collected which cannot be generated through other techniques. Although 476 sample size in this study is relatively small, the high survival rate of fish through freshwater Advnacing the surgical implantation of electronic tags in fish: a gap analysis and 574 research agenda based on review of trends in intracoelomic tagging effects studies. 575
